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ABSTRACT
Background Means- based analysis of maximal rate 
of oxygen consumption (VO2max) has traditionally been 
used as the exercise response indicator to assess the 
efficacy of endurance (END), high intensity interval (HIIT) 
and resistance exercise training (RET) for improving 
cardiorespiratory fitness and whole- body health. However, 
considerable heterogeneity exists in the interindividual 
variability response to the same or different training 
modalities.
Objectives We performed a systematic review and meta- 
analysis to investigate exercise response rates in the 
context of VO
2max: (1) in each training modality (END, HIIT 
and RET) versus controls, (2) in END versus either HIIT or 
RET and (3) exercise response rates as measured by VO2max 
versus other indicators of positive exercise response in 
each exercise modality.
Methods Three databases (EMBASE, MEDLINE, CENTRAL) 
and additional sources were searched. Both individual 
response rate and population average data were 
incorporated through continuous data, respectively. Of 
3268 identified manuscripts, a total of 29 studies were 
suitable for qualitative synthesis and a further 22 for 
quantitative. Stratification based on intervention duration 
(less than 12 weeks; more than or equal to 12 weeks) was 
undertaken.
Results A total of 62 data points were procured. Both 
END and HIIT training exhibited differential improvements 
in VO
2max based on intervention duration. VO2max did not 
adequately differentiate between END and HIIT, irrespective 
of intervention length. Although none of the other exercise 
response indicators achieved statistical significance, LT 
and HR
rest demonstrated common trajectories in pooled 
and separate analyses between modalities. RET data were 
highly limited. Heterogeneity was ubiquitous across all 
analyses.
Conclusions The potential for LT and HR
rest as indicators 
of exercise response requires further elucidation, in 
addition to the exploration of interventional and intrinsic 
sources of heterogeneity.
INTRODUCTION
Physical activity in humans has been 
recognised to confer a beneficial effect on 
health since the time of Hippocrates and 
Galen.1 2 WHO defines physical activity as 
‘any bodily movement produced by skeletal 
muscles that requires energy expenditure’.3 
Physical activity has been shown to not only be 
cardioprotective,4 but prospective data have 
demonstrated an inverse correlation between 
increased physical activity and all- cause 
mortality.3 5 6 Over the years, regular physical 
activity has been implicated in the prevention 
or management of a considerable number of 
chronic diseases, including cancer.7 8 Physical 
activity has also been actively implemented 
as an intervention for age- associated frailty, 
resulting in a marked improvement in the 
quality of life of older individuals,9–11 as well 
as improvements in the constellation of age- 
associated metabolic abnormalities which 
include dyslipidaemia, hyperglycaemia, 
hypertension and obesity.12–16
Within the literature concerning struc-
tured exercise training as a form of physical 
activity, and away from specialist athletic 
training regimes, three broad variants of 
exercise training modalities are commonly 
Strengths and limitations of this study
 ► Robust analysis and synthesis of available evidence 
(randomised- controlled trial, case–control and 
cohort).
 ► For continuous data, we used the generic inverse 
variance statistical method with the random effects 
model and established the outcome measure as the 
standardised mean difference.
 ► Stratification of results dependent on intervention 
duration was performed.
 ► Significant heterogeneity of studies (exercise re-
sponse indicators, training modalities, assessment 
protocols, population being studied and analytical 
methods) limits the ability to undertake more ex-
tensive meta- analysis of available data, resulting 
in the majority of outputs demonstrating statistical 
non- significance.
 ► Analysis was substantially restricted due to currently 
insufficient data for several alternative markers, re-
quiring further characterisation through qualitative 
assessment.
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described: (1) endurance exercise training (END), (2) 
high- intensity interval training (HIIT) and (3) resis-
tance exercise training (RET).17 18 Each of these training 
modalities is associated with a multitude of differing 
components, including content, volume, intensity, dura-
tion (training and recovery periods) and frequency.19–22 
As such, each modality is associated with distinct improve-
ments in musculoskeletal, metabolic and/or cardio/
vascular parameters.6–8 Guidelines published by the UK 
Department of Health and Social Care in September 
2019 advise that healthy adults should perform at least 
two instances of RET and a total of 150 min of moderate 
END on a weekly basis.23 There is also some recognition of 
HIIT, as a reduced volume vigorous exercise can replace 
moderate END as long as this is accumulated in bouts of 
10 min or more.
In terms of determining the efficacy of an exercise 
training programme, despite the aforementioned differ-
ences which will likely occur with different training 
regimes, an assessment of cardiorespiratory fitness (CRF) 
is often undertaken. In humans, this is most commonly 
undertaken through assessment of the maximal rate of 
oxygen consumption (VO2max), defined as the peak utili-
sation of oxygen by metabolically active tissue.24 25 Subse-
quently, the VO2max plateau has become the gold standard 
for determining the maximal CRF of an individual, in 
addition to serving as a comparative marker of response 
following an exercise intervention.26–30
Although it is well established that improvements in 
multiple health parameters are generally observed in 
humans following a period of exercise training,27 31 the 
observance of individuals who do not demonstrate an 
improvement for a particular indicator above measure-
ment error has emerged in multiple studies (often 
defined as ‘non- responders’).31 32 Estimated to consti-
tute up to ~20% of any given population for the primary 
expected physiological adaptation (eg, hypertrophy 
for RET and VO2max or insulin sensitivity for END),
32 
numerous explanations have emerged to try and describe 
this phenomenon, ranging from innate factors to poor 
compliance.32 33 However, simple explanations based on 
baseline characteristics or training compliance/inten-
sity do not appear to be able to fully explain the marked 
heterogeneity in exercise adaptation.27 Furthermore, a 
subset of individuals demonstrate a worsening of a given 
indicator below measurement error, with some describing 
these individuals as ‘adverse responders’.31 34 If using this 
nomenclature, one study reported that an estimated 7% 
of people are described as being adverse responders in at 
least two parameters,33 with commonly assessed variables 
(in addition to VO2max) including heart rate (HR), lactate 
threshold (LT) and power output (PO).34 35
It must however be acknowledged that the concept of 
non- responders, and certainly that of adverse responders, 
is not universally accepted with ongoing debate in the 
scientific community concerning the epistemological 
validity of this concept.27 31 Some of this debate is centred 
on the definitions of these concepts, with the work of 
Mitchell et al claiming there are no non- responders to 
RET as all individuals demonstrated at least one positive 
adaptive response of the many that were measured.36 
This definition of a non- responder is however strik-
ingly different to that used by Phillips et al in their work 
looking at molecular networks of exercise adaptation. In 
this study, non- responders were classed as those who did 
not demonstrate significant hypertrophy during 20 weeks 
RET, but may have displayed other improvements such as 
strength or vascular conductance. As such, a number of 
these individuals would have been non- responders in one 
study but not in another. This apparent uncertainty has 
been further exacerbated by the observation of a dissoci-
ation between VO2max and other exercise response indica-
tors (including blood lactate and maximum HR (HRmax)) 
with END.37 Furthermore, evidence of a disparity in 
indicator- based responses has been demonstrated in anal-
yses of outcomes following RET exercise38 with hypertro-
phic gains not necessarily representing changes in muscle 
function, for example.
Of the three aforementioned exercise modalities and 
with respect to improvements in CRF, END and HIIT 
are each recognised as having a significant and positive 
effect overall.18 39 In contrast, the benefits of RET are 
distinct from this and are traditionally considered to be 
improvements in strength and skeletal muscle hyper-
trophy.18 Although early evidence determined that RET 
did not confer any improvement in VO2max,
40 a more 
recent comprehensive assessment through a narrative 
systematic review comprising 17 studies, concluded that 
improvements in VO2max may be observed with RET in 
previously untrained individuals irrespective of age.38 As 
such, sedentary individuals would conceivably benefit 
from a concurrent improvement in both CRF and the 
acknowledged skeletal muscle- based improvements asso-
ciated with RET.38
As a result of the current paradigm within the litera-
ture, there exists an uncertainty concerning the suitability 
of different interventions to elicit an exercise response. 
In addition to the academic consideration of what may 
constitute as a ‘response’ to any particular intervention, a 
determination of whether alternative markers of response 
to VO2max exist in each of the three modalities has not yet 
been undertaken through a systematic approach.
Therefore, through a combined systematic review 
and meta- analysis strategy, this study appraises the avail-
able evidence of studies in order to answer the following 
research questions:
1. In untrained human adults, is each exercise modality 
(END, HIIT and RET) more effective than controls in 
eliciting an improvement in CRF based on VO2max?
2. In untrained human adults, is END more effective 
than either HIIT and RET in eliciting an improvement 
in CRF based on VO2max?
3. In untrained human adults and per each exercise mo-
dality, do other measures of exercise response (HRrest, 
HRmax, LT and PO) elicit a similar rate of exercise re-
sponse when compared with VO2max?
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METHOD
The population assessed in this study was human adults 
between the ages of 18–80 years. As the extent of exer-
cise response is noted to be similar between both males 
and females,26 both sexes were included in all analyses. 
The investigated intervention training modalities were 
END, HIIT and RET. To permit the investigation of the 
three research questions, the comparisons and outcome 
measures used were (1) intervention (END, HIIT or 
RET) vs control using VO2max as the response indicator, 
(2) END versus HIIT or RET using VO2max as the response 
indicator and (3) VO2max vs HRrest, HRmax, LT or PO in 
each of END, HIIT and RET. The outcome measures 
included in this study were continuous data (ie, numer-
ical values defined by a defined scale and range, such as 
HR or watts) represented by mean±SD values. A complete 
Preferred Reporting Items for Systematic Reviews and 
Meta- Analyses checklist is provided in online supple-
mental file 1.
The inclusion criteria are all published clinical trials 
with an intervention component (randomised controlled 
trial (RCT), case–control and cohort), as the investigated 
phenomenon (indicators of exercise response) require 
an actioned stimulus. In previously untrained healthy or 
obese individuals or individuals with type two diabetes 
mellitus without physical impediment, and the utilisa-
tion of VO2max as an endpoint. The exclusion criteria are 
limited to qualitative studies, non- human studies, studies 
where participants are younger than 18 or older than 80 
years of age, physically impaired individuals, pregnant 
volunteers or participants with any established cardiovas-
cular, renal, musculoskeletal, neurological, malignant or 
pulmonary disease.
Three electronic online literature databases (EMBASE, 
MEDLINE, CENTRAL) were used as primary data sources. 
Search strategies for EMBASE and MEDLINE were under-
taken (online supplemental file 2). The search strategy 
for CENTRAL was ‘VO2 exercise response’. To screen for 
clinical trials not captured in the above search strategies, 
and to definitively address the anticipated deficiency in 
RET intervention studies, two further search procedures 
were performed through PubMed. The search terms in 
each were ‘VO2 exercise response’ and ‘resistance exer-
cise response variability’. Only clinical trials were selected. 
Furthermore, grey literature sources were sought in addi-
tion to the above (Google and ClinicalTrials.Gov). The 
search phrase ‘exercise response VO2’ was submitted to 
the Google search engine (147 results, seven relevant 
studies). An additional search was made through Clini-
calTrials.Gov (completed studies, adult, all sex, ‘exercise 
response’ search string, only studies with preliminary or 
final results selected, 1308 results, six relevant studies). 
A further search through the reference lists of studies 
selected for synthesis was implemented to further address 
any undetected primary sources.
The MeSH terms undertaken in this study are provided 
(online supplemental file 2). Two of the primary data-
base sources (EMBASE, MEDLINE) were searched by two 
independent researchers (AA and HA), with CENTRAL, 
PubMed, Google, ClinicalTrials.Gov and reference list 
review searches and further selection stages being under-
taken by one researcher (AA).
In the first screening procedure, all studies were initially 
assessed on their implementation of END, HIIT and/or 
RET as a primary intervention and their utilisation of at 
least one response indicator, where VO2max was manda-
tory. In accordance with the findings of a meta- analysis 
published by Bacon et al that determined VO2max train-
ability is increased with prolonged intervention periods,41 
studies with a duration of less than 2 weeks were excluded 
from the analysis. Following the completion and compi-
lation of the studies obtained from the preliminary data 
source searches, duplicates were highlighted and the 
novel studies were spliced into a new list. Thereafter, any 
new studies obtained from the other search strategies 
were added to a continuously updated version of this 
list. The extracted summary data for all studies that were 
deemed suitable for synthesis included the study title, 
primary author, year of publication, association with any 
other studies or trials, study design type, target population 
characterisation, assessed interventions, duration of inter-
vention, intervention detail (including means of exercise, 
frequency, volume parameters and/or intensity), primary 
and secondary endpoints, criteria for exercise response 
(if applicable), data type (categorical vs continuous) and 
suitability for any combination of the intended analyses 
specific for each research question (I–III).
The values incorporated in our synthesis were absolute 
units of postintervention values in the pertinent data fields 
per exercise modality or assessed group (either inter-
ventional or control). The data specific to response rate 
included exercise modality (END, HIIT and/or RET), 
the parameters utilised (VO2max, HRrest, HRmax, LT and/
or PO) and the data type (continuous data). With the 
incorporated data type, the postintervention mean and 
SD for intervention and control (or other intervention) 
groups were entered for comparison. The information 
per study was separately recorded in three tables, each 
pertaining to one of the three research questions estab-
lished (online supplemental file 3A–C). One study (Gurd 
et al), containing pooled unweighted sample complete 
or subset data from five studies,42 was incorporated as a 
single datapoint.
The Cochrane Risk of Bias (RoB) 2 template was imple-
mented for randomised studies.43 Qualitative assessment 
of the studies was undertaken by three researchers. 
Both study and outcome level outputs were produced. 
The resulting outputs were generated through Review 
Manager (RevMan) V.5.3.5. Additionally, case–control 
studies were assessed using the CLARITY McMaster 
University Risk of Bias assessment framework. These were 
independently undertaken by three researchers (AA, BM 
and IR).
One principal summary measure was produced in this 
meta- analysis. The generic inverse variance (IV) statistical 
method was selected with the random effects model and 
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established the outcome measure as a standardised mean 
difference (SMD) with an SE calculation for the assessed 
groups based on Cochrane recommendations.44 Further, 
a simplified pooled SD for the generation of the SMD 
was utilised in all instances.45 All data were reported as 
IV values and 95% CI for all individual studies, where 
individual datapoints that were not eligible for pooled 
analyses having CI values derived through SE values as 
advocated by Cochrane.46 With pooled data reported with 
the addition of Z data and p values.
Forest plots were generated for all datasets which 
contained at least three data points. All statistics and forest 
plots were produced with RevMan V.5.3.5. Data per study 
were manually entered into each of the variable listed. 
No post hoc data merging between studies was under-
taken. Measures of statistical heterogeneity were calcu-
lated using the I2 statistic through RevMan V.5.3.5 and 
are reported within the produced forest plots. In order 
to address anticipated heterogeneity within our dataset, 
a stratified approach based on age, intervention dura-
tion and/or weekly modality frequency will be consid-
ered. Further, subgrouping within forest plots based 
on the above was undertaken if at least two data points 
were present. Certain studies permitted the inclusion 
of multiple groups separately for comparative purposes 
(table 1, online supplemental file 3A–C).
In order to assess for publication bias, the Grading 
of Recommendations, Assessment, Development and 
Evaluations (GRADE) approach47 was adopted on a 
study- specific level and was assessed by two independent 
researchers (AA and IR). Due to the limited number of 
studies per area of analysis, statistical assessment of publi-
cation bias, meta- regression and trial sequential analysis 
was infeasible.
Patient and public involvement
Patients and/or the general public were not involved in 
undertaking and devising this systematic review and meta- 
analysis. No external groups, stakeholders or members of 
the public were involved in any element of the study’s 
inception, planning, implementation or analysis.
RESULTS
A total of 3268 studies were generated from the identifi-
cation stage. A total of 29 studies—20 RCTs and 9 case–
control or cohort studies—were deemed suitable for 
inclusion in our qualitative and quantitative appraisal 
(figure 1).18 26–30 42 48–79 The publication dates ranged 
from 1991 to 2018, where the majority of the assessed 
studies were not associated with any other trials. A total 
sample size of 1937 individuals was assessed.
The study characteristic data for all studies are 
presented (table 1). The assessed populations were 
found to be heterogeneous with respect to biological 
sex, degree of physical fitness, body mass index and age. 
The majority of studies featured a comparison between 
END and HIIT and included either END or HIIT 
within their analysis, with only three studies assessing 
the response rates for RET. One study48 was found to 
employ a parallel assessment of exercise intensity and 
volume. The implemented exercise protocols exhib-
ited substantial heterogeneity, with only two studies49 50 
displaying a congruent basis for their assessment due 
to their common derivation from the Dose- Response 
to Exercise in Women (DREW) study. The interven-
tion period varied between 3 and 52 weeks. In accor-
dance with our inclusion criteria, the majority of studies 
utilised VO2max as a primary endpoint, with most studies 
also incorporating data pertaining to body composition. 
Twelve of the 29 studies defined exercise responsiveness 
through differing thresholds of VO2max change, where 
3 of these 12 defined any improvement from VO2max 
baseline (Δ>0%) as evidence of a positive adaptation in 
their cohorts.49–51
The RoB summaries are provided (online supple-
mental files 4–6), which demonstrate varied degrees of 
bias across the assessed domains. Furthermore, GRADE 
score appraisal of each study was undertaken (online 
supplemental file 4). A total of 62 data points were 
obtained from these studies for inclusion in the forest 
plots (figures 1–5). Sufficient overlap and representa-
tion in characteristics permitted a stratification based 
on intervention duration, with 12 weeks selected as the 
criteria for group formation.
Exercise responsiveness versus controls using VO2max 
(analysis 1)
END versus CON
Nine data points from eight studies were observed 
(online supplemental file 3A). Within the <12 week 
subgroup, the response through END as an inter-
vention did not result in an intervention favouring 
(IV=0.06, 95% CI −1.01 to 1.13) or statistically signif-
icant (p=0.64) outcome (figure 2). However, the ≥12 
weeks subgroup demonstrated an unequivocal and 
statistically significant improvement in VO2max (IV=2.0, 
95% CI 0.68 to 3.32, p<0.05).
HIIT versus CON
Nine data points from eight studies were incorporated 
in this analysis (figure 2). Although the effect size trends 
observed in both the <12 and ≥12 weeks subgroups 
demonstrated congruence with the duration- based 
observation in the END assessment (figure 2), the 
results did not reach statistical significance (p=0.18–
0.66) (figure 2).
RET versus CON
Only two studies (Nybo et al, Hautala et al) contained 
data indicating VO2max improvements using RET (online 
supplemental file 3A).18 52 Neither data points demon-
strated an improvement in VO2max through RET inter-
ventions lasting two and 12 weeks (IV=−0.35, 95% CI 
−1.64 to 0.94; IV=0, 95% CI −1.43 to 1.43, respectively) 
(online supplemental file 3A).
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End versus HIIT and RET responsiveness using VO2max 
(analysis 2)
END versus HIIT
Twelve studies provided data permitting a postinterven-
tion comparison between END and HIIT intervention 
groups (figure 3). The overall effect size in both the 
<12 and≥12 weeks subgroups were found to be residual 
(IV=−0.29, 95% CI −1.38 to 0.81; IV=0.35, 95% CI −0.12 
to 0.81, respectively) and did not achieve statistical signif-
icance (figure 3).
END versus RET
Two studies (Nybo et al, Hautala et al) permitted a compar-
ison between END and RET (online supplemental file 
3B).18 52 Both studies demonstrated an improvement in 
END when compared with RET (IV=1.62, 95% CI 0.37 
to 2.87; IV=0.14, 95% CI −1 to 1.28, respectively) (online 
supplemental file 3B).
Exercise responsiveness using other exercise response 
indicators (analysis 3)
When assessed with HRrest, END demonstrated a consis-
tent reduction when assessed through two studies (Kohrt 
et al, Nybo et al), where the duration was (or exceeded) 12 
weeks (IV=−0.18, 95% CI −1.92 to 1.56; IV = −3.14, 95% 
CI −4.26 to −2.02, respectively) (online supplemental file 
3C).18 26 Similarly, a pooled analysis demonstrated that 
interventions with HIIT exceeding (or lasting) 12 weeks 
Figure 1 PRISMA flow diagram of the study selection and identification process. PRISMA, Preferred Reporting Items for 
Systematic Reviews and Meta- Analyses; VO2max, maximal rate of oxygen consumption.
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demonstrated a reduction in following intervention 
(IV=−0.65, 95% CI −4.29 to 0.99), although this result 
was not statistically significant (p=0.66) (figure 5A). A 
single data point (Nybo et al) was present for RET, which 
revealed a similar outcome (IV=−1.96, 95% CI −3.1 to 
−0.82) (online supplemental file 3C).18
Five studies containing post- interventional data with 
respect to HRmax found no significant change in the effect 
size following END irrespective of training duration (<12 
weeks; IV=0.02, 95% CI −1.92 to 1.96; ≥12 weeks; IV=0.04, 
95% CI −1.43 to 1.50) (figure 4A). A similar assessment 
using HIIT- based data demonstrated aligned outcomes 
(<12 weeks; IV=0, 95% CI −3.18 to 3.18, ≥12 weeks; 
IV=−0.23, 95% CI −3.67 to 3.22) (figure 4B). However, 
neither of these outcomes are statistically significant 
(figure 4B). With respect to RET, Lo et al and Hautala et 
al revealed similar effect sizes, although the findings were 
also statistically non- significant (IV=0.42, 95% CI −3.81 
to 4.65; IV=0, 95% CI −2.16 to 2.16, respectively) (online 
supplemental file 3C).52 53
Within our dataset, only one study (Berger et al) 
presented data for END and HIIT pertaining to LT 
(online supplemental file 3C). The effect sizes in both 
indicated a comparable improvement in LT following 6 
weeks of training with either modality (END; IV=0.68, 
95% CI 0.23 to 1.13; HIIT; IV=0.71, 95% CI 0.36 to 1.06) 
(online supplemental file 3C).
Two studies (Warburton et al, Berger et al) contained data 
for PO changes following 6 and 12 weeks of END training, 
respectively (online supplemental file 3C).54 55 Both 
demonstrated a marginal improvement in PO (IV=1.08, 
95% CI −28.93 to 31.09; IV=0.44, 95% CI −22.71 to 23.59, 
respectively) (online supplemental file 3C). In HIIT, 
interventions of less than 6 weeks demonstrated an overall 
Figure 2 (A) END versus controls using VO2max (<12 or ≥12 week subgrouping), (B) HIIT versus controls using VO2max (<12 or 
≥12 weeks subgrouping). END, endurance; HIIT, high intensity interval; VO2max, maximal rate of oxygen consumption.
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effect size that suggested an improvement (IV=1.26, 95% 
CI −9.17 to 11.69), although this result was not statistically 
significant (figure 5B). No comparable data pertaining to 
improvements in PO following RET was observed in our 
dataset (online supplemental file 3C).
DISCUSSION
This systematic review and meta- analysis investigated the 
variability in reported responses to END, HIIT and RET. 
We found that various factors such as training modality, 
training duration and response indicators may affect the 
reported exercise training responses. HIIT demonstrated 
a significant effect size using VO2max versus controls. 
Overall, END resulted in a significant improvement in 
CRF vs controls using VO2max, but this was only statisti-
cally significant within our dataset examining training 
periods of 12 weeks or longer (figure 2A,B). Although 
HIIT demonstrated a similar pattern, the results were 
not found to be statistically significant (figure 2B). This 
finding contradicts an earlier meta- analysis performed 
in 2015, which assessed the responsiveness of END and 
HIIT in healthy adults between the ages of 18–45 years.39 
This difference may be due to our inclusion of studies 
including older cohorts, potentially reflecting an age- 
determined effect differential between exercise modal-
ities. Age has previously been identified as a source of 
attenuation in exercise response—Earnest et al conducted 
an RCT study assessing 251 postmenopausal women over 
a 6 month period, where the intervention was exercise 
on a cycle ergometer at 4, 8 or 12 kcal/kg/week versus 
control (no exercise).50 They were stratified into three 
groups based by age ≤55 years, 55–59 years and >60 
years. The results indicated that the control group had 
a reduction in maximal aerobic capacity by 1.6% (95% 
CI −4.8 to 1.0). Moreover, there was a reduced training 
response attributed to age and a correlation between age 
group and intervention (p<0.0002).50
Likely a consequence of the historically- attested reduced 
effect afforded by RET in improving CRF, a deficiency 
in data concerning RET and exercise response indica-
tors of CRF was observed which limits our ability to form 
comparisons with END and HIIT data. As a consequence 
of this, the currently- available data cannot elucidate the 
potential for an improvement in VO2max in untrained 
individuals through RET.38 However, additional studies 
suggest a similar responsiveness to exercise when RET is 
compared with END. Pandey et al conducted a RCT with 
202 diabetics for 9 months, where the interventions were 
aerobic training, resistance training or a combination of 
both.30 The control group was a non- exercise group. The 
participants involved in exercise training were classified 
according to their ΔVO2max, where fitness responders had 
a ΔVO2max ≥5% and non- responders had a ΔVO2max <5%. 
There were a similar proportion of fitness responders 
in the aerobic training- only (31.3%) and resistance 
training- only (33.9%) groups. Fitness non- responders 
had a Δ VO2max −0.07 (95% CI −0.1 to 0.04) and fitness 
responders had a ΔVO2max 0.24 (95% CI 0.20 to 0.28), 
p<0.0010.30
Our findings concerning LT are partially in accordance 
with a recent cohort study in eleven moderately trained 
cyclists which determined that PO exhibited a more 
pronounced relationship with athletic performance 
than VO2max.
71 Our inconclusive outcome concerning 
LT appears to contradict earlier work, where a moderate 
positive correlation (r2=0.39, p<0.05) was inferred from a 
Figure 3 END versus HIIT using VO2max (<12 or ≥12 weeks subgrouping). END, endurance; HIIT, high intensity interval training; 
IV, inverse variance; VO2max, maximal rate of oxygen consumption.
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prior cohort study assessing the effect of END in seden-
tary males.72
Additional studies demonstrated similar outcomes—
Yan et al conducted a multicentre study where they sought 
to recruit 200 individuals, to determine the response 
to one session of HIIT and 4 weeks of HIIT.51 In retro-
spect, they stated 39 individuals had done HIIT and 
found there was an average improvement in VO2max of 
3.85% (p<0.001) and an increase in LT of 9.01%±6.66% 
(p<0.001). Further, Gurd et al used data from five previ-
ously published studies that included 63 adults, to ascer-
tain the response to sprint interval training protocols. 
Responders for VO2max was 41% and for LT was 50%.
42
No data were assessed concerning the relationship 
between PO and RET, although this will ostensibly 
demonstrate an improvement due to the recognised 
development of skeletal muscle through type II fibre 
cross- sectional area increases, sarcoplasmic hypertrophy 
and neuromuscular efficiency.73
A major limitation to our investigation is the ubiqui-
tous heterogeneity in study design, intervention(s) and 
population characteristics were a recurrent feature in 
the assessed literature. A paucity in congruent measures 
restricted our ability to perform the appropriate multi-
study subanalysis. Indeed, exercise intensity is an estab-
lished variable in the determination of exercise response, 
as defined by group- wide changes to VO2max. This was 
demonstrated by Ross et al, who conducted a RCT with 
121 individuals that completed a minimum 90% of 5 
weekly exercise sessions over a 24- week period. Although 
there was an increase in CRF in all three groups at 24 
weeks (p<0.001), An increase in the intensity of exercise 
(when matched for volume) resulted in a decrease in the 
number of cardiorespiratory non- responders.48
Similarly, the majority of comparisons incorporated 
data from studies that implemented differing exercise 
training protocols. This heterogeneity is reflected in the 
statistical data, where statistical heterogeneity is demon-
strated (I2 >50%) in the majority of the incorporated 
Figure 4 (A) END versus controls using HRmax (<12 or ≥12 weeks subgrouping), (B) HIIT versus controls using HRmax (<12 or 
≥12 weeks subgrouping). END, endurance; HIIT, high intensity interval training; HRmax, maximum heart rate; IV, inverse variance.
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forest plots. Furthermore, exercise response is a complex 
trait, with multiple innate and environmental factors 
implicated.74 As such, the absence of further participant 
differentiation due to the paucity in data, in combination 
with an enumeration of the known variables in exercise 
responsiveness (‘trainability’), represents a source of 
confounding.75
The apparent heterogeneity described above likely 
contributes to the inability for all of the potential exer-
cise response alternative indicators to achieve statistical 
significance (figures 2–5). However, some consistency 
in outcomes were nonetheless observed in our analyses. 
HRmax did not demonstrate any clear direction in effect 
size in either END or HIIT (figure 4A,B). Further to 
this, HRrest was reliably reduced in END, HIIT and RET 
(figure 4). The potential for PO to serve as an alternative 
to VO2max remains inconclusive based on the presented 
data (figure 5B), although our findings are not aligned 
with Montero and Lundby, who carried out an RCT with 
78 individuals over a 6- week period, where they performed 
60 min sessions per week of endurance training on a cycle 
ergometer.28 The results from this study indicated that 
the more often exercise was performed, an improvement 
in both ∆VO2max (p<0.001) and in ∆Wmax (p<0.001) 
was observed.28 As such, differing volume strategies and 
patient demographics between this study and those which 
achieved synthesis in our study are anticipated sources of 
confounding between these disparate results.
Differing criteria for exercise non- responsiveness in 
studies utilising VO2max was observed, resulting in added 
variability. This limitation was also present with other 
indicators. Lastly, cardiovascular- dependent indicators 
of exercise response typically require longer to elicit a 
change in comparison to VO2max.
76 As such, we speculate 
that HRrest may serve as a reliable alternative for all exer-
cise modalities, particularly over longer time frames of 
intervention.
The lack of consistency with respect to the definition of 
exercise non- response31 using VO2max requires addressing.
77 
The utilisation of Δ>0%, which was implemented in three 
studies, in our opinion is inappropriate given the acknowl-
edged issue of measurement error.62 Bonafiglia et al derived 
an alternative approach, using response CI and the smallest 
worthwhile change.78 Further elucidation on the relation-
ship between VO2max and PO across the different exer-
cise modalities in the general population may indicate 
differing patterns of responsiveness. Similarly, the relation-
ship between extrinsic factors and exercise indicators may 
yield differing effects on chronic adaptation in each exer-
cise modality. Additionally, the relationship between the 
role of exercise indicators beyond VO2max and the inter-
ference effect (the frequently observed diminishment of 
RET- specific adaptations to muscle size and function in a 
concurrent training setting)79 may reveal novel or antici-
patory patterns, which may predict this outcome. As such, 
future work investigating the potential relationship(s) and 
degrees of collinearity between intrinsic patient characteris-
tics, intervention characteristics and the potential alternative 
exercise indicators of interest, preferentially through multi-
variate or meta- regression analyses, is advocated.
Figure 5 (A) HIIT versus controls using HRrest (≥12 weeks subgrouping), (B) HIIT versus controls using PO (<12 weeks 
subgrouping). HIIT, high intensity interval training; IV, inverse variance; PO, high intensity interval training.
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In addition to demonstrating current areas of uncer-
tainty within the literature, the feasibility of alternatives 
to VO2max for exercise response are tentatively substanti-
ated through this work. Although safe, cardiopulmonary 
testing in physiological studies serves as an additional 
logistical consideration which is mitigated through the 
consideration of less- intensive measures, such as HRrest.
In conclusion, our findings highlight the potential 
role of alternative indicators of exercise response in 
differing exercise modalities. Additionally, the constraints 
presented by extensive differences in study design, inter-
vention type and duration, measurement variation and 
population characteristics require addressing in the liter-
ature. Our results suggest, dependent on the addressing 
of confounders, for HRrest and LT to be explored further 
as viable alternatives to VO2max.
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